
TRANSIENT ANALYSIS TECHNIQUES 
IN PERFORMING IMPACT AND CRASH DYNAMIC STUDIES 

A. R. P i f k o  and t 

Advances i n  technology are made t y p i c a l l y  i n  response t o  new performance re- 
quirements .  The area of crash s i m u l a t i o n  i s  no except ion .  B e c a u s e  of t he  emphasis 
now b e i n g  p l a c e d  on c r a s h w o r t h i n e s s  as a d e s i g n  requirement ,  i n c r e a s i n g  demands a re  
b e i n g  made by v a r i o u s  o r g a n i z a t i o n s  t o  a n a l y z e  a wide range of complex s t r u c t u r e s  
t ha t  must perform s a f e l y  when s u b j e c t e d  t o  s e v e r e  impact l o a d s ,  such  as t h o s e  gener-  
a t e d  i n  a crash event .  

The u l t i m a t e  g o a l  of c r a s h w o r t h i n e s s  d e s i g n  and a n a l y s i s  i s  t o  produce v e h i c l e s  
w i t h  t h e  a b i l i t y  t o  reduce the  dynamic f o r c e s  exper ienced  by occupants  t o  s p e c i f i e d  
acceptable l e v e l s ,  w h i l e  m a i n t a i n i n g  a s u r v i v a b l e  envelope around them d u r i n g  a 
s p e c i f i e d  crash event .  

F i g u r e s  1 through 3 show examples of t h e  t y p e  of impacts t h a t  must be s imula ted .  

F igure  1. Vertical  impact  of h e l i c o p t e r .  
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Figure 2. YASA/FAA qenera l -av ia t ion  c rash  dynamics proyram. 

Figure 3. Rear-impact t es t  of automobile. 
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The requirement f o r  crashworthy vehicles has been a motivating force behind the 
development of computer programs €or use i n  a vehicle crash simulation. Development 
of these programs has been the  d i r e c t  r e s u l t  of advances i n  both s t r u c t u r a l  mechanics 
and computer sciences. Specif ical ly ,  advances i n  finite-element methods, made feas i -  
b l e  by rapid developments i n  computer hardware and software, form the  foundation on 
which these programs were developed. After more than a decade of development, a 
number of programs a r e  now avai lable  and a r e  used f o r  p r a c t i c a l  analysis  and design. 

The capabi l i ty  of one s u c h  program is reviewed and some experiences gained i n  
the crash evaluation of automobile and a i r c r a f t  s t ruc tures  a r e  re la ted.  

There a r e  a number OE requirements tha t  a r e  e s s e n t i a l  t o  the simulation of a 
crash event ( f i g .  4 ) .  Although these requirements involve severa l  areas,  the most 
obvious 

0 

0 

0 

0 

are:  

A theory t h a t  t r e a t s  the large e l a s t i c - p l a s t i c  deformation associated w i t h  
crushing of s t r u c t u r a l  members including s t r a i n - r a t e  eEfects where applicable 

The techniques €or nonlinear boundary conditions required t o  simulate i n t e r -  
nal  contact/rebound between s t r u c t u r a l  par t s  or  between s t r u c t u r e  a n d  a 
b a r r i e r  or contactor 

A capabi l i ty  t o  model a var ie ty  of s t r u c t u r a l  types, typ ica l  of a i r c r a f t ,  and 
automotive s t ructures  

Accurate and e f f i c i e n t  numerical techniques f o r  in tegra t ing  the  nonlinear 
equations of motion 

These requirements include a l l  of the  areas t h a t  a re  the subject  of current  re- 
search i n  computational mechanics. However, methods to  t r e a t  the e s s e n t i a l  features  
of a l l  of these requirements have reached a s u f f i c i e n t  leve l  of maturity t o  be imple- 
mented i n t o  a code €or crash simulation. As such, techniques t h a t  account f o r  the 
e s s e n t i a l  features  of each of the above s t a t e d  requirements have been incorporated 
i n t o  our DYCAST code. 

0 Large elastic-plastic deformation wi th  fa i lure 

0 Variable contact/rebound 

0 Modelling capability for variety of s t ructura l  types 

0 Accurate and efficient numerical  techniques 

Figure 4. Essential  requirements of s t ruc ture  
crash simulation. 
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DYCAST is a n o n l i n e a r  s t r u c t u r a l  dynamic f i n i t e - e l e m e n t  computer code t h a t  
s t a r t e d  from t h e  p l a n s  system of f i n i t e - e l e m e n t  programs f o r  s t a t i c  n o n l i n e a r  s t r u c -  
t u r a l  a n a l y s i s  ( f i g .  5 ) .  It  w a s  o r i g i n a l l y  developed f o r  a i r c r a f t  c r a s h  a n a l y s i s  
w i t h  p a r t i a l  s u p p o r t  by N A S A  Langley. 

The e q u a t i o n s  of motion used i n  DYCAST are developed w i t h i n  t h e  framework of t h e  
f i n i t e - c l e m e n t  method and are based on t h e  updated Lagrangian f o r m u l a t i o n  f o r  geomet- 
r i c  n o n l i n e a r i t y  and a n  i n c r e m e n t a l  p l a s t i c i t y  t h e o r y  for material n o n l i n e a r i t y .  

The updated Lagrangian approach is p a r t i c u l a r l y  e f f e c t i v e  €or t h e  n o n l i n e a r  
problem a s s o c i a t e d  w i t h  c r a s h  s i m u l a t i o n  u s i n g  beam, membrane, and p l a t e  elements  . 
This is  because l a r g e  shape  changes due t o  the  p r o g r e s s i v e  c r u s h i n g  and f o l d i n g  of 
t h e  s t r u c t u r e  are accounted €or by s u c c e s s i v e  u p d a t i n g  of the  nodal  c o o r d i n a t e s .  The 
n o n l i n e a r i t i e s  due t o  t h e  i n t e r n a l  loads  ( f o r  example, t h e  change i n  s t i f f n e s s  due t o  
the "beam column e f f e c t " )  are i n c l u d e d  s o  t h a t  compressive forces dominant i n  a crash 
e v e n t  w i l l  a c t  through t h e  geometr ic  n o n l i n e a r i t i e s  t o  reduce t h e  s t i f f n e s s  of t h e  
s t r u c t u r e .  

The f o l l o w i n g  f i g u r e  o u t l i n e s  t h e  e s s e n t i a l  f e a t u r e s  of DYCAST. Our i n t e n t  i n  
p r e s e n t i n g  t h e s e  f e a t u r e s  is  t o  i n d i c a t e  our  view of t h e  necessary  minimum r e q u i r e -  
ments € o r  c r a s h  a n a l y s i s .  

0 Material nonl inear i ty  

I ncremental plasticity theory 

W o n  Mises yield cr i ter ion 

Kinematic hardening 

Element maximum strain fa i lure cr i ter ion 

Subincremental strategy 

Geometric nonl inear i ty  

Updated Lagrangian 

Figure  5. DYCAST - Dynamic crash a n a l y s i s  of s t r u c t u r e s .  
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The governing m a t r i x  e q u a t i o n  f o r  t h e  updated Lagrangian f o r m u l a t i o n  is: 

Equat ion 1 is t h e  l i n e a r i z e d  e q u a t i o n  of motion between a known e q u i l i b r i u m  
s t a t e ,  denoted by t, and a n  unknown e q u i l i b r i u m  s t a t e ,  denoted by t + A t ,  incremen- 
t a l l y  a d j a c e n t  t o  it. It e x p l i c i t l y  c o n t a i n s  terms t h a t  r e f l e c t  t h e  c u r r e n t  m a t e r i a l  
s t a t e ,  and n o n l i n e a r i t i e s  from t h e  s t r a i n  displacement  r e l a t i o n s .  

The q u a n t i t i e s  i n  e q u a t i o n  1 are d e f i n e d  as fo l lows:  { i j } t + A t ,  { A U I t + A t  a r e  t h e  
unknown a c c e l e r a t i o n s  and d isp lacement  increments ,  [MI , [KTl, [KGl are t h e  mass, 
t a n g e n t  s t i f f n e s s ,  and i n i t i a l  stress s t i f f n e s s  m a t r i c e s ,  r e s p e c t i v e l y ,  and 
{F)t ,  {P}t+At are t h e  known i n t e r n a l  and e x t e r n a l  f o r c e s  a t  t h e  t i m e  denoted by 
t h e i r  s u b s c r i p t s .  

The m a t r i x  [KTl i s  a f u n c t i o n  of t h e  material behavior  and  t h e r e € o r e  e x p l i c i t l y  
c o n t a i n s  t h e  p l a s t i c i t y  theory  implemented i n  t h e  code. We have implemented t h e  
Prager -Ziegler  k i n e m a t i c  hardening  t h e o r y  based on t h e  Von Elises-Hi11 y i e l d  c r i t e r i o n  
f o r  o r t h o t r o p i c  (and i s o t r o p i c )  materials and used a n  e € f e c t i v e  s t r e s s - s t r a i n  rela- 
t i o n  f o r  m u l t i a x i a l  stress s ta tes .  P o s t y i e l d  behaviors  can be e i t h e r :  no s t r a i n  
hardening  (per€ect p l a s t i c i t y ) ,  l i n e a r  hardening ,  o r  n o n l i n e a r  hardening.  Addition- 
a l l y ,  a m u l t i s t e p  s u b i n c r e m e n t a l  s t r a t e g y  has  been employed t o  e n s u r e  t h a t  t h e  
p l a s t i c  c o n s t i t u t i v e  e q u a t i o n s  embodied i n  [KTl are never  v i o l a t e d .  

Assuming c o n t i n u i n g  and u n l i m i t e d  e las t ic  or p l a s t i c  deformat ion  i n  a crash s i m -  
u l a t i o n  is e q u i v a l e n t  t o  assuming t h a t  d s t r u c t u r a l  e lement  w i l l  d i s s i p a t e  u n l i m i t e d  
energy as it deforms a l o n g  a p a r t i c u l a r  load-deformation pa th .  Obviously t h i s  can 
o v e r p r e d i c t  t h e  energy t h a t  can  be d i s s i p a t e d  s i n c e  a c t u a l  m a t e r i a l s  w i l l  f a i l  a t  
some maximum deformation.  To accommodate t h i s  behavior ,  maximum s t r a i n  f a i l u r e  c r i -  
t e r i a  have been implemented i n  o u r  m a t e r i a l  model. Once t h e s e  c r i t e r i a  are  s a t i s f i e d  
a t  a p o i n t ,  t h e  s t i f f n e s s  and f o r c e  c o n t r i b u t i o n s  a t  t h a t  p o i n t  are d e l e t e d .  Vhen a 
s p e c i f i e d  se t  of such  p o i n t s  i n  a n  element  has reached i ts  f a i l u r e  s t r a i n ,  t h e  e le-  
ment 's  s t i f f n e s s  and f o r c e  c o n t r i b u t i o n  t o  e q u a t i o n  (1 is  n o t  assembled. P r o v i s i o n  
h a s  a l s o  been made t o  d e l e t e  e lements  manually based on some o t h e r  f a i l u r e  c r i t e r i o n  
or on e n g i n e e r i n g  judgment. (F ig .  6.) 
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A t  a n  e a r l y  s t a g e ,  i t  w a s  clear t h a t  w e  s h o u l d  implement  a v a r i a b l e  time s t e p  
i n t e g r a t o r ,  i .e.,  one  t h a t  e n a b l e s  t h e  time s tep  t o  be changed  a t  d i f f e r e n t  i n s t a n t s  
o f  t h e  response. Such a p r o c e d u r e  h a s  obv ious  a d v a n t a g e s  o v e r  one w i t h  a c o n s t a n t  
s tep,  p a r t i c u l a r l y  i n  complex problems a r i s i n g  i n  pract ical  a p p l i c a t i o n  where s y s t e m  
n o n l i n e a r i t i e s  a n d  dynamic r e s p o n s e  a re  v a r y i n g  c o n t i n u o u s l y  t h r o u g h o u t  t h e  h i s t o r y .  
Our e x p e r i e n c e  h a s  i n d i c a t e d  t h a t  t h i s  i s  p a r t i c u l a r l y  t r u e  f o r  c r a s h  s i m u l a t i o n .  

Variable time s t e p  i n t e g r a t o r s  of  b o t h  t h e  e x p l i c i t  a n d  implici t  t y p e  have  been  
implemented  i n  DYCAST. These are t h e  exp l i c i t  Modi f i ed  Adams and t h e  impl ic i t  
Newmark-Beta a n d  Wilson-Theta  methods. An e x p l i c i t  c o n s t a n t  s t e p  c e n t r a l  d i f f e r e n c e  
i n t e g r a t o r  i s  a l so  a v a i l a b l e ,  as w e l l  as s t a t i c ,  b i f u r c a t i o n  b u c k l i n g ,  and  f r e e  
v i b r a t i o n  o p t i o n s .  

Implemen ta t ion  of i m p l i c i t  i n t e g r a t i o n  i n  DYCAST is  as f o l l o w s :  The t e c h n i q u e  
u s e d  s o l v e s  e q u a t i o n  ( 1 )  a t  e a c h  s t ep  subject  t o  t h e  i n t e g r a t o r  r e c u r r e n c e  r e l a t i o n s  
a n d  t h e n  pe r fo rms  i t e r a t i o n s  of  t h e  m o d i f i e d  Newton t y p e  b a s e d  on a n  imba lanced  f o r c e  
s temming f rom errors i n  s a t i s f y i n g  t h e  e q u a t i o n  of  motion. 

A v a r i a b l e  time s t ep  p r o c e d u r e  is d e f i n e d  by r e q u i r i n g  t h a t  t h e  number of 
i t e r a t i o n s  i n  e a c h  t i m e  s tep be less t h a n  a p r e s c r i b e d  v a l u e .  If t h i s  c r i t e r i o n  i s  
v i o l a t e d ,  t h e  t i m e  s t e p  is ha lved .  Conver se ly ,  i f  t h e  s o l u t i o n  conve rges  i n  one  
i t e r a t i o n  f o r  a p r e s c r i b e d  number of c o n s e c u t i v e  steps t h e  t i m e  s t ep  is  i n c r e a s e d .  
An u p p e r  bound f o r  t h e  time s t e p  is  a l s o  s p e c i E i e d .  

I n  o u r  S n i t i a l  work, w e  u s e d  t h e  e x p l i c i t  m o d i f i e d  Adam i n t e g r a t o r  e x c l u s i v e l y .  
However, w e  q u i c k l y  found  t h a t  t h e  admissible time s t e p  f o r  a nonuni form mesh N i t h  
beam, p la te  membrane e l e m e n t s ,  and  n o n l i n e a r  s p r i n g s  was u n r e a s o n a b l y  small. Conse- 
q u e n t l y ,  o u r  c u r r e n t  a c t i v i t i e s  are associated a l m o s t  e x c l u s i v e l y  w i t h  t h e  i m p l i c i t  
i m p l e m e n t a t i o n .  Our e x p e r i e n c e  i n  what  w e  d e s c r i b e  a s  modera te  s i z e d  problems of  
1500 d e g r e e s  of  f reedom (DOF) or less h a s  l e d  t o  a p r e f e r e n c e  of t h e  i m p l i c i t  method 
i n  t h i s  problem class because s o l u t i o n  time per i n c r e m e n t  i s  d i v i d e d  almost e q u a l l y  
be tween  e l e m e n t  l e v e l  c a l c u l a t i o n s  and  g l o b a l  s o l u t i o n  of a m a t r i x  e q u a t i o n .  As t h e  
number of  d e g r e e s  of f reedom i n c r e a s e ,  t h e  s o l u t i o n  of t h e  g l o b a l  m a t r i x  e q u a t i o n  
b e g i n s  t o  dominate .  Some l a t e r  f i g u r e s  show examples  of some t y p i c a l  c a l c u l a t i o n s .  
E x p e r i e n c e  w i t h  v e c t o r  p r o c e s s i n g  (CRAY 1 or  CDC CYBER 2 0 5 )  h a s  e x t e n d e d  t h i s  d e g r e e -  
o f  -f reedom range .  

Resea rch  is c o n t i n u i n g  t h a t ,  h o p e f u l l y ,  w i l l  address t h e s e  i s s u e s  f u r t h e r  i n  
s u c h  areas as mixed e x p l i c i t - i m p l i c i t  i n t e g r a t i o n ,  s u b c y c l i n g ,  and  e lement-by-element  
s o l u t i o n  s t r a t e g i e s  t h a t  c a n  u t i l i z e  c o n c u r r e n t  p r o c e s s i n g .  (F ig .  7. ) 
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0 Implici t  

Variable t ime step 

Modified Newton iteration 

Newmark -p  

Explicit 

Modified Adams - variable step 

Central difference - constant step 

Figure  7. I n t e g r a t i o n  o f  equat ions  of motion. 
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Nonlinear spr ings  are useEul  t o  model t h e  crush behavior of components €o r  which 
da ta  are a v a i l a b l e  and whose behavior may be too complex t o  model otherwise (e.g., 
€o r  energy-absorbing devices ,  €o r  gap elements with va r i ab le  contact/rebound, f o r  
nonl inear  moment-rotation curves o€ co l l aps ing  beams, and f o r  var ious o the r  nonl in-  
ea r i t i e s  1. (Fig. 8 . )  

Nonlinear boundary conditions 

Con tact / r e  bou n d s i m u la t ed wi th  
special ''gap springs 

Contact element wi th simple f r ic t ion 

Figure 8. DYCAS'I - Dynamic c rash  ana lys i s  o f  structures.  
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The c a p a b i l i t i e s  ou t l i ned  r ep resen t  t h e  e s s e n t i a l  requirements f o r  a c ra sh  simu- 
l a t i o n .  There a r e  o the r  requirements t h a t  can be descr ibed as  ope ra t iona l  f e a t u r e s  , 
which never the less ,  a r e  e s s e n t i a l  t o  t h e  performance of a s imula t ion  i n  an e f f i c i e n t  
and t i m e l y  manner. The most important of t hese  i s  an e f f i c i e n t l y  designed res tar t  
procedure. 
c a p a b i l i t y  enables  an a n a l y s t  t o  per forv  a crash  ana lys i s  i n  manageable time segments 
and t o  examine in te rmedia te  r e s u l t s  t o  s e e  i f  they appear neaningful before  dec id ing  
i f  the  ana lyz is  should be continued. 

In  keeping with t h e  path dependent na ture  of nonl inear  a n a l y s i s ,  t h i s  

Adjunct t o  t h i s  is t h e  manner used t o  d i sp l ay  t h e  results.  Because the  volume 
of da ta  t h a t  is generated can e a s i l y  overwhelm an ana lys t ,  s e l e c t e d  summary t a b l e s  of 
r e s u l t s  along with g raph ica l  d i sp l ay  are important.  Postprocessing graphics  inc lude  
the  d isp lay  oE t he  deformed model a t  any t i m e  and p l o t  h i s t o r i e s  of displacements ,  
ve loc i ty ,  and a c c e l e r a t i o n  f o r  any  nodal degree of freedom. 

Access t o  the r e s t a r t  f i l e  by a p e r i p h e r a l  program t o  s e l e c t i v e l y  p r i n t  addi-  
t i o n a l  da t a  is a l s o  des i r ab le .  

Figures  9 through 1 2  show necessary process c o n t r o l  f o r  res ta r t  and some exam- 
p les  of postprocessing graphics .  

0 Stop, alter, restart,  postprocessing 

Response h i s to ry  
restar t  data 

Restart 

Postprocessing 
Satel l i te 
GRA f ix 

Deformed model 
motion histor ies 

Figure 9. DYCAST - process con t ro l .  
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Figure IO. Deformed nYCAST model r o l l  drop. 

Figure 1 1 .  Undeformed model. 
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Figure  12. Undeformed model. 
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Experience wi th  mathematical  c r a sh  s imula t ions  has shown t h a t ,  while  us ing  an 
adequate nonl inear  dynamic computer code i s  essent ia l ,  i t  i s  not  enough. The a n a l y s t  
must  a l s o  have some e x p e r t i s e  i n  t h e  a r t  of modelling t h e  s t r u c t u r e  f o r  t h e  nonl inear  
c rash  a n a l y s i s  i n  o rde r  t o  produce s u f f i c i e n t l y  accu ra t e  r e s u l t s  w i th in  an acceptab le  
t i m e  and c o s t  range. 

The t o t a l  c o s t s  of an a n a l y s i s  a r e  composed of t h e  l abor  involved i n  c r e a t i n g  
t h e  model and eva lua t ing  the  r e s u l t s  and t h e  c o s t s  of using the  computer. Although 
t h e  modelling l abor  c o s t  can be l a rge ,  it i s  r a r e l y  d iscussed  i n  t h e  t e c h n i c a l  l i t e r -  
a t u r e ,  probably because of i t s  v a r i a b i l i t y .  A f i r s t - t i m e  f u l l - v e h i c l e  f in i t e - e l emen t  
model could r e q u i r e  from one t o  f o u r  man-months of e f f o r t  t o  prepare  and v e r i f y ,  
depending on f a c t o r s  such a s  t h e  convenience of t h e  veh ic l e  geometry da ta  ( d i g i t a l  
d a t a  base o r  drawings on p a p e r ) ,  t h e  u s e  of computer graphics ,  and t h e  experience of 
t h e  personnel .  I n  any case, modelling l abor  c o s t s  are dependent on t h e  model s i z e  
and complexity ( q u a n t i t y  of nodes , elements , and DOF 1. However, a f t e r  p repa ra t ion  
and v e r i f i c a t i o n  of t h e  f in i te -e lement  model i s  complete, it can be modified e a s i l y ,  
a t  small c o s t ,  enabl ing  t h e  i n v e s t i g a t i o n  of t h e  e f f e c t s  of s t r u c t u r a l  modif icat ions.  

The computat ional  c o s t s  are dependent on model s i z e  and complexity. I f  i t  were 
" t h e  b e s t  of a l l  p o s s i b l e  worlds" w e  might produce a model a s  shown i n  f i g u r e  13 f o r  
t he  c rash  a n a l y s i s  of a n  automobile. This is the  type  of model f r equen t ly  used f o r  
l i n e a r  ana lys i s .  Because of t h e  l i m i t a t i o n  of c u r r e n t  computers, a nonl inear  dynamic 
a n a l y s i s  of t h i s  type  of model is c u r r e n t l y  no t  f e a s i b l e .  However, t o  do s o  is  our 
goal!  

A t  t h e  p r e s e n t  t i m e  w e  cons ider  a nonl inear  veh ic l e  crash model of 1500 DOF t o  
be l a r g e  f o r  u s e  on even t h e  f a s t e s t  scalar computers such as t h e  IBM 370/3081 o r  
CYBER 760. From two t o  t e n  restarts could be requi red  t o  complete such a c ra sh  s imu-  
l a t i o n .  However, t h e  new vec tor  computers such as t h e  CRAY-1 and t h e  CYRER 205 a l low 
a t  least  a twofold t o  f o u r f o l d  i n c r e a s e  i n  o v e r a l l  computation speed coupled with 
increased  memory s i z e .  I n  t h e  f u t u r e ,  improvements i n  both sof tware  and hardware 
should  cont inue  t o  reduce computer expense t o  a l low more d e t a i l e d  models t o  be 
analyzed i n  sma l l e r  t i m e  per iods .  

Examples of computer time f o r  two r e p r e s e n t a t i v e  s t r u c t u r e s  f o r  our code a r e  
shown i n  Eigures 13  through 16. 

C 

Figure  13. Deta i led  f in i te -e lement  model of automobile. 
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Figure 14. Sca la r  versus  vec tor  computers-autos r e a r  impact. 
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I n  t h e  e a r l y  use  of n o n l i n e a r  f i n i t e - e l e m e n t  models f o r  c r a s h  a n a l y s i s ,  a p u r e l y  
t h e o r e t i c a l  approach was a t t e m p t e d  i n  which a l l  t h e  behavior  was modelled u s i n g  t h e  
f i n i t e  e lements .  However, i n  t h e  s o l u t i o n  of p r a c t i c a l  problems i n v o l v i n g  a c t u a l  
v e h i c l e  s t r u c t u r e s  , it q u i c k l y  became a p p a r e n t  t h a t  some h y b r i d  e lements  would be 
r e q u i r e d  i n  which t h e  u s e r  s p e c i f i e s  t h e  n o n l i n e a r  s t i f f n e s s  t h a t  is  d e r i v e d  e i t h e r  
from t e s t  d a t a  or a s e p a r a t e  a n a l y s i s .  I n  t h e  s i m p l e s t  c a s e  t h i s  would i n v o l v e  t h e  
model l ing of a s p e c i f i c  energy-absorbing component by a n o n l i n e a r  s p r i n g  w i t h  a u s e r -  
s p e c i f i e d  c r u s h  curve.  I n  t h e  more complex cases, t h e  c o l l a p s e  of a s e c t i o n  of 
s t r u c t u r e  c o u l d  be r e p r e s e n t e d  by a h y b r i d  element ,  e i t h e r  because t h e  c r u s h  t es t  
d a t a  were a l r e a d y  a v a i l a b l e  or because t h e  n o n l i n e a r  behavior  of a component would be 
s o  complex and s o  l o c a l i z e d  t h a t  it would r e q u i r e  t o o  much computa t iona l  e f f o r t  i n  a 
s m a l l  p a r t  of t h e  v e h i c l e .  

This  l e d  t o  a model l ing s t r a t e g y  i n  which w e  recognize  t h r e e  d i s t i n c t  b e h a v i o r a l  
zones i n  a v e h i c l e  s t r u c t u r e  when p r e p a r i n g  a n o n l i n e a r  Ein i te -e lement  model f o r  
c r a s h  a n a l y s i s .  These are  l i n e a r  behavior ,  moderately n o n l i n e a r  behavior ,  and ex- 
t remely  n o n l i n e a r  behavior  zones.  I n  t h e  l i n e a r  behavior  zones , no n o n l i n e a r  behav- 
i o r  i s  expec ted ,  and t h e s e  zones are modelled as lumped masses or a s  r i g i d  bodies  
wi th  f i n i t e  dimensions , or o c c a s i o n a l l y  with a s m a l l  number of deformable f i n i t e  
e lements .  I n  t h e  moderately n o n l i n e a r  zones,  p l a s t i c i t y ,  m a t e r i a l  f a i l u r e ,  and l a r g e  
d e f l e c t i o n s  are expec ted ,  b u t  t h e  l a r g e  deformations a r e  n o t  c o n f i n e d  t o  h i g h l y  
l o c a l i z e d  reg ions .  These zones a r e  r e p r e s e n t e d  by a d i s t r i b u t i o n  of n o n l i n e a r  f i n i t e  
e lements  i n  s u f f i c i e n t  q u a n t i t y  and of t h e  t y p e s  r e q u i r e d  t o  a l l o w  f o r  expec ted  modes 
of deformat ion  and f a i l u r e .  Here, t h e  a t t e m p t  i s  made t o  minimize t'ne complexi ty  
whi le  s t i l l  approximating a d e q u a t e l y  t h e  necessary  s t i f f n e s s e s .  I n  t h e  ex t remely  
n o n l i n e a r  zones l o c a l l y  l a r g e  deformations occur ,  such as: t h e  c o l l a p s e  o f  a t h i n -  
w a l l  hol low beam i n t o  a c c o r d i o n  bel lows -type f o l d s  , t h e  complete l o c a l  f l a t t e n i n g  of 
t h e  c r o s s  s e c t i o n  of a t h i n - w a l l  hollow beam t o  form a weak "hinge" a t  a bend, and 
t h e  c o l l a p s e  of a s h e e t  meta l  p a n e l  i n t o  very  s h o r t  waves of accord ion- type  f o l d s .  
The t h e o r e t i c a l l y  a c c u r a t e  model l ing of such components r e q u i r e s  a l a r g e  number of 
p la te  elements i n v o l v i n g  thousands of DOF f o r  each c o l l a p s e  zone. Tne added d e t a i l s  
of t h e s e  l o c a l  c o l l a p s e  models could  i n c r e a s e  t h e  a n a l y s i s  c o s t s  by o r d e r s  of magni- 
tude .  A p r a c t i c a l  approach f o r  t h e s e  components is t o  model them a s  s i m p l e  n o n l i n e a r  
s p r i n g  e lements  t h a t  requi re  a n  i n p u t  curve  of f o r c e  v e r s u s  d i sp lacement  OK moment 
versus  r o t a t i o n .  Thus, t h i s  l o c a l  h y b r i d  method r e q u i r e s  t h e  a n a l y s t  t o  s p e c i f y  t h e  
expec ted  n o n l i n e a r  behavior .  This  method's g r e a t  advantage i s  t h a t  on ly  one DOF i s  
added f o r  each such n o n l i n e a r  s p r i n g .  However, i f  the c o n v e n t i o n a l  h y b r i d  method is  
used,  t h e s e  n o n l i q e a r  c o l l a p s e  curves a r e  s p e c i f i e d  a p r i o r i  w i t h o u t  r e g a r d  t o  t h e  
i n t e r a c t i v e  e f f e c t s  of o t h e r  loads  a c t i n g  i n  combinat ion a t  t h e  c o l l a p s e  zone. S i n c e  
t h e s e  combined loads  can g r e a t l y  reduce t h e  c o l l a p s e  s t r e n g t h ,  they  s h o u l d  somehow be 
t a k e n  i n t o  account .  

I n  t h e  c a s e  of a c o l l a p s i n g  h i n g e  forming i n  a t h i n - w a l l  hol low beam, w e  have 
used a semiempirical i n t e r a c t i v e  method i n v o l v i n g  t h e  use  of n o n l i n e a r  r o t a r y  s p r i n g s  
imbedded between beam elements i n  a f u l l - v e h i c l e  model. The r o t a r y  s p r i n g s  a r e  a t  
f i r s t  r i g i d i z e d  and t h e  a n a l y s i s  u s i n g  DYCAST i s  begun. The beam e lements  i n d i c a t e  
t h e  i n s t a n t  when l a t e r a l  c o l l a p s e  begins  as a p l a s t i c  h inge  forms. The a n a l y s i s  i s  
t h e n  r e s t a r t e d  a t  an  ea r l i e r  t i m e  w i t h  a r e v i s e d  moment versus  r o t a t i o n  c u r v e  f o r  t h e  
r o t a r y  s p r i n g  element.  This  r e v i s e d  r o t a r y  s p r i n g  curve  rises t o  t h e  c o l l a p s e  mo- 
ment, t h e n  it decays r a p i d l y  wi th  i n c r e a s i n g  r o t a t i o n  angle .  The c o l l a p s e  moment, is 
de termined  i n t e r a c t i v e l y  by t h e  beam elements  i n  t h e  DYCAST a n a l y s i s ,  and t h e  shape  
of t h e  r o t a r y  s p r i n g  curve  i s  t a k e n  from t e s t  exper ience .  Typica l  r e s u l t s  wi th  t h i s  
method i n  a u t o  c r a s h e s  p r e d i c t  c o l l a p s e  moments of hol low beams i n  t h e  range of 10 t o  
50 p e r c e n t  of t h e  t h e o r e t i c a l  f u l l y  p l a s t i c  l i m i t  moment from bending a c t i n g  alone. 
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This reduced peak moment i s  p r imar i ly  caused by t h e  presence of a l a rge  compressive 
fo rce  i n  the  beam, a c t i n g  toge ther  with t h e  hinge moment, al though the  o the r  moments 
also have an e f f e c t .  (Fig.  17. 

0 Linear zone 

Elastic 

Small deflection 

0 Modelled with : 

Rigid bodies wi th lumped mass 

Relatively few elastic f in i te elements 

Substructure with most DOFs omitted 

0 Moderately nonlinear 

Plastic 

Large deflections on a global scale 

0 Modelled with : 

0 Nonlinear finite elements 

Allowance for possible collapse modes 

0 Extremely nonlinear 

Large deflection on local scale 

Requires f ine model ( >  1000 DOF) 

Special energy absorbing devices 

Crushable nonstructural  parts 

0 Modelled with : 

Nonlinear spring elements 

@Spr ing properties from test or  
other analysis 

Figure 17. Behavior zone c h a r a c t e r i s t i c s .  
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A r e p r e s e n t a t i v e  a l l -composi te  f u s e l a g e  c a b i n  s e c t i o n  was designed,  b u i l t ,  and 
c r a s h - t e s t e d  by B e l l  H e l i c o p t e r  and ana lyzed  by Grumman u s i n g  t h e  DYCAST code. Two 
s e p a r a t e  f u s e l a g e s  were b u i l t .  One f u s e l a g e  was t e s t e d  i n  a f l a t  d rop  a t  30 €t/sec 
(9.1 m/sec) v e r t i c a l  v e l o c i t y  o n t o  B f l a t ,  r i g i d  s u r r a c e ,  and t h e  o t h e r  i n  a 20-deg 
r o l l e d  a l t i t u d e  under  t h e  same c o n d i t i o n s .  F in i te -e lement  models of t h e s e  two t e s t  
cases w e r e  p r e p a r e d  f o r  a n a l y s i s  by DYCAST, and t h e  r e s u l t s  w e r e  compared t o  t h o s e  of 
t h e  tests . 

The f u s e l a g e  s e c t i o n  ( f i g .  1 8 )  was a s t r u c t u r e  composed of s o l i d  and sandwich 
p a n e l s  made of epoxy r e s i n  r e i n f o r c e d  by cont inuous f i b e r s  of g r a p h i t e ,  Revlar ,  and 
g l a s s .  The pr imary energy-absorbing s t r u c t u r e  w a s  t h e  honeycomb sandwich p a n e l s  
forming t h e  v e r t i c a l  webs o f  t h e  s u b f l o o r  beams and bulkheads a t  t h e  rear t h i r d  of 
t h e  f u s e l a g e  under t h e  f u e l ,  passengor ,  and t r a n s m i s s i o n  masses. A d d i t i o n a l  amounts 
of such  v e r t i c a l  sandwich material were p l a c e d  i n  t h e  forward s u b f l o o r  forming t h e  
t r a n s v e r s e  bulkhead under  t h e  c r e w  masses. The e n t i r e  t e s t  a r t i c l e  weighed 3530 l b  
(1600 k g ) ,  of which only  462 lb (210  k g )  w a s  f o r  t h e  s t r u c t u r e  and t h e  remainder was 
from t h e  added masses ( t r a n s m i s s i o n ,  f u e l ,  crew, passengers  , s e a t s  , b a l l a s t ,  cameras , 
and w i r i n g  1. 

The f u l l  c a b i n  f i n i t e - e l e m e n t  model i s  shown i n  f i g u r e  19. For t h e  € l a t  drop 
case, only  t h e  l e f t  h a l f  of t h e  f u s e l a g e  model w a s  used i n  accordance wi th  t h e  
symmetry of t h e  s t r u c t u r e  and t h e  impact  c o n d i t i o n s .  The €ull s t r u c t u r e  model was 
used f o r  t h e  case of t h e  impact  of t h e  20-deg r o l l e d  a t t i t u d e .  

The s t r u c t u r e  w a s  modelled w i t h  a combinat ion of n o n l i n e a r  s p r i n g s ,  o r t h o t r o p i c  
membrane t r i a n g l e s  , s t r i n g e r s  , and beam elements .  Nonlinear  c r u s h  s p r i n g s  w e r e  
v e r t i c a l l y  o r i e n t e d  w i t h i n  t h e  s t r u c t u r e  t o  r e p r e s e n t  t h e  c r u s h  behavior  of t h e  
subf  l o o r  v e r t i c a l  p a n e l s  of bo th  t h e  energy-absorbing sandwich and t h e  nonabsorhing 
( b r e a k a b l e )  type .  Nonl inear  gap s p r i n g s  c o n t r o l l e d  t h e  impact  and rebounded a t  t h e  
r i g i d  ground surface. 

The f l a t  drop model c o n t a i n e d  276 nodes, 716 e lements ,  and 587 DOF and r e q u i r e d  
50 msec of e v e n t  t i m e ,  241 t i m e  s t e p s ,  and 43 CPU mins on a n  IBM 370/3033 computer. 

F i g u r e  20 shows a comparison of c e r t a i n  v e r t i c a l  a c c e l e r a t i o n s  f o r  t h e  DYCAST 
a n a l y s i s  and f o r  t h e  t e s t .  The a c c e l e r a t i o n  p r e d i c t i o n s  were g e n e r a l l y  i n  good 
agreement w i t h  t h e  t e s t  da ta .  The maxinum p r e d i c t e d  c r u s h  deformat ion  of 4.4 i n .  
(112 m m )  i n  t h e  s u b f l o o r  s t r u c t u r e  w a s  approximately 1 5  percent greater  than t h a t  
measured i n  t h e  tes t .  I n  a d d i t i o n ,  t h e  deformat ion  modes of t h e  a n a l y s i s  agreed  very 
w e l l  w i t h  t h o s e  of t h e  test .  

The 20-deg r o l l  model c o n t a i n e d  504 nodes,  1470 e lements ,  and 1431 DOF. It used  
60 msec of e v e n t  t i m e ,  760 t i m e  increments ,  and 450 CPU mins on a n  IBM 370/3033 com- 
p u t e r .  The i n c r e a s e  by a f a c t o r  of 10 i n  t h e  CPU t i m e  f o r  t h e  r o l l e d  impact  compared 
t o  t h e  f l a t  impact  was caused p a r t l y  by t h e  doubl ing  of t h e  model and p a r t l y  by t h e  
smaller t i m e  s t e p  r e q u i r e d  t o  f o l l o w  some h i g h l y  n o n l i n e a r  local  behavior .  

A sampling of t h e  d a t a  f o r  t h e  20-deg r o l l  case is  shown i n  f i g u r e  21. The 
f r o n t  view of t h e  deforming s t r u c t u r e  ( f i g .  22) shows t h e  c r u s h  of t h e  lower l e f t  
s u b f l o o r ,  t h e  r o t a t i o n  of t.he f u s e l a g e  a b o u t  t h e  impact  p o i n t ,  and t h e  l a c k  of d i s -  
t o r t i o n  i n  t h e  upper  bulkheads.  This  f i g u r e  does show a d i s t o r t i o n  of t h e  t r a n s m i s -  
s i o n  mounting f i x t u r e s ,  caused by t h e  i n e r t i a l  r e s i s t a n c e  of t h e  t r a n s m i s s i o n  mass t o  
t h e  s ideward  a c c e l e r a t i o n  of t h e  roof when t h e  v e h i c l e  was r o t a t i n g .  The p r e d i c t e d  
maximum v e r t i c a l  c r u s h  of 6.1 i n .  (155 m m )  i n  t h e  s u b f l o o r  was approximate ly  10 p e r -  
c e n t  less t h a n  t h a t  of t h e  tes t .  The p r e d i c t e d  a c c e l e r a t i o n s  showed a mixed 
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Fiqure  18. Composite h e l i c o p t e r  cabin s t r u c t u r e ,  e x t e r n a l  view. 

FINITE-ELEMENT MODEL FOR 200 ROLL DROP 

F i g u r e  19. F i n i t e - e l e m e n t  model f o r  20O r o l l  drop. 
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correspondence  wi th  t h e  t e s t  data.  The l e f t  crew mass a c c e l e r a t i o n  a g r e e s  w e l l  w i th  
t h e  test d a t a ,  b u t  t h e  l e f t  pas senge r  mass peak a c c e l e r a t i o n  i s  o v e r p r e d i c t e d  by a 
f a c t o r  of 2 ( f i g .  23) .  

F i g u r e s  24 through 27 o u t l i n e  a f r o n t  bar r ie r  impact of a n  e a r l y  p r o t o t y p e  ver-  
s i o n  of t h e  1984 C h e v r o l e t  C o r v e t t e ,  a two-seat f r o n t  eng ine  sports  car w i t h  a s t e e l  
frame, and a f i b e r g l a s s  r e i n f o r c e d  p l a s t i c  body s h e l l .  F i g u r e  2 5  shows t h e  s t e e l  
frame €or t h e  ana lyzed  v e h i c l e ,  and i t  s h o u l d  be noted  t h a t  t h e  p r o d u c t i o n  v e h i c l e ' s  
f rame i s  s i g n i f i c a n t l y  d i f f e r e n t ,  s o  t h a t  t h e  d i s c u s s i o n  h e r e  p e r t a i n s  on ly  t o  t h e  
e a r l y  p r o t o t y p e  and  n o t  t o  t h e  f i n a l  p roduc t ion  v e h i c l e .  

The th ree -d imens iona l  f i n i t e - e l e m e n t  model i nvo lved  on ly  t h e  l e f t  h a l f  of t h e  
car t o  t a k e  advantage  of t h e  symmetry. The s t r u c t u r e  was modelled a l l  t h e  way t o  t h e  
rear because it w a s  a n t i c i p a t e d  t h a t  t h e  engine  and d r i v e l i n e  would become a major 
load p a t h  t o  t h e  rear of t h e  frame ( f i g s .  26 and 2 7 ) .  

The f i n i t e - e l e m e n t  model i n c l u d e d  t h e  frame, p l u s  t!?e o t h e r  s t r u c t u r e  ( eng ine  
bulkhead,  f r o n t  f l o o r ,  e tc .  1 , d r i v e l i n e ,  and mechanical par ts  d e s c r i b e d  p r e v i o u s l y .  
The E i b e r g l a s s  body w a s  n o t  modelled because ,  i n  t h e  p rev ious  a u t o  c r a s h  a n a l y s i s ,  
t h e  f i b e r g l a s s  body absorbed a n e g l i g i b l e  amount ( less t h a n  5 p e r c e n t )  of  t h e  t o t a l  
k i n e t i c  energy.  

The model u sed  157 nodes, 220 e lements ,  and 597 DOF. The e lements  i n c l u d e d  
98  beams, 63 membranes, 12  s t r i n g e r s ,  and 47 n o n l i n e a r  s p r i n g s .  

One comple te  s i m u l a t i o n  of 100 m s  consumed 200 min of CPU time on a n  IBM 
370/3033 computer sys tem,  r e q u i r e d  2000 t i m e  s teps  u s i n g  t h e  Ilewmark-Beta i m p l i c i t  
method, and  w a s  performed i n  f o u r  consecu t ive  o v e r n i g h t  segments u s i n g  res ta r t .  

A complete d i s c u s s i o n  of t h i s  a n a l y s i s  i s  found i n  r e f e r e n c e  1. Conclus ions  
are found i n  f i g u r e  28.  

F i g u r e  24.  1984 Chevro le t  Corvette. 
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Figure 25. Welded s t e e l  frame of prototype. 

TIRENHEEL CRUSH/ 

Figure 26. Side view of finite-element model. 
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WHEEL LINKS 

B O X  

F i g u r e  27. Top view of f i n i t e - e l e m e n t  model. 

Full vehicle f in i te element analysis is cu r ren t l y  
feasible but  requires expertise in modelling " a r t "  

Future goals (o r  wishfu l  t h ink ing )  

zones in full vehicle model 
I nclude detailed model of extremely nonl inear  

.Same f ine model for l inear and nonl inear  analysis 

F i g u r e  28 .  C o n c l u s i o n s .  
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